Paternal uniparental disomy 14 (UPD(14)pat) results in a unique constellation of clinical features, and a similar phenotypic constellation is also caused by microdeletions involving the DLK1-MEG3 intergenic differentially methylated region (IG-DMR) and/or the MEG3-DMR and by epimutations (hypermethylations) affecting the DMRs. However, relative frequency of such underlying genetic causes remains to be clarified, as well as that of underlying mechanisms of UPD (14)pat, that is, trisomy rescue (TR), gamete complementation (GC), monosomy rescue (MR), and post-fertilization mitotic error (PE). To examine this matter, we sequentially performed methylation analysis, microsatellite analysis, fluorescence in situ hybridization, and arraybased comparative genomic hybridization in 26 patients with UPD(14)pat-like phenotype. Consequently, we identified UPD(14)pat in 17 patients (65.4%), microdeletions of different patterns in 5 patients (19.2%), and epimutations in 4 patients (15.4%). Furthermore, UPD(14)pat was found to be generated through TR or GC in 5 patients (29.4%), MR or PE in 11 patients (64.7%), and PE in 1 patient (5.9%). Advanced maternal age at childbirth (Z35 years) was predominantly observed in the MR/PE subtype. The results imply that the relative frequency of underlying genetic causes for the development of UPD (14)pat-like phenotype is different from that of other imprinting disorders, and that advanced maternal age at childbirth as a predisposing factor for the generation of nullisomic oocytes through non-disjunction at meiosis 1 may be involved in the development of MR-mediated UPD (14)pat.
INTRODUCTION
Human chromosome 14q32.2 carries a B1.2 Mb imprinted region with the germline-derived primary DLK1-MEG3 intergenic differentially methylated region (IG-DMR) and the post-fertilization-derived secondary MEG3-DMR, together with multiple imprinted genes. 1, 2 Both DMRs are methylated after paternal transmission and unmethylated after maternal transmission in the body, whereas in the placenta the IG-DMR alone remains as a DMR and the MEG3-DMR is rather hypomethylated irrespective of the parental origin. 2, 3 Furthermore, it has been shown that the unmethylated IG-DMR and MEG3-DMR of maternal origin function as the imprinting centers in the placenta and the body, respectively, and that the IG-DMR acts as an upstream regulator for the methylation pattern of the MEG3-DMR in the body but not in the placenta. 3 As a result of the presence of the imprinted region, paternal uniparental disomy 14 (UPD (14) pat) (OMIM #608149) causes a unique constellation of body and placental phenotypes such as characteristic face, bell-shaped small thorax, abdominal wall defect, polyhydramnios, and placentomegaly. 2, 4, 5 Furthermore, consistent with the essential role of the DMRs in the imprinting regulation, microdeletions and epimutations affecting the IG-DMR or both DMRs of maternal origin result in UPD (14) pat-like phenotype in both the body and the placenta, whereas a microdeletion involving the maternally inherited MEG3-DMR alone leads to UPD (14) pat-like phenotype in the body, but not in the placenta. 2, 3 Of the three underlying genetic causes for UPD (14) pat-like phenotype (UPD (14) pat, microdeletions, and epimutations), UPD (14) pat is primarily generated by four mechanisms, that is, trisomy rescue (TR), gamete complementation (GC), monosomy rescue (MR), and post-fertilization mitotic error (PE). 6 TR refers to a condition in which chromosome 14 of maternal origin is lost from a zygote with trisomy 14 formed by fertilization between a disomic sperm and a normal oocyte. GC results from fertilization of a disomic sperm with a nullisomic oocyte. MR refers to a condition in which chromosome 14 of paternal origin is replicated in a zygote with monosomy 14 formed by fertilization between a normal sperm and a nullisomic oocyte. PE is an event after formation of a normal zygote. In this regard, a nullisomic oocyte specific to GC and MR is produced by non-disjunction at meiosis 1 (M1) or meiosis 2 (M2), and non-disjunction at M1 is known to increase with maternal age, probably because of a long-term (10-50 years) meiotic arrest at prophase 1. 7 However, relative frequency of the genetic causes for UPD (14) patlike phenotype remains to be determined, as well as that of underlying mechanisms for the generation of UPD (14) pat. Here, we report our data on this matter, and discuss the difference in the relative frequency among imprinted disorders and the possible maternal age effect on the relative frequency.
PATIENTS AND METHODS Patients
This study comprised 26 patients with UPD(14)pat-like phenotype (9 male patients and 17 female patients) (Table 1) . Of the 26 patients, 18 patients have been reported previously; they consisted of nine sporadic patients with full UPD (14) pat, 4,5 one sporadic patient with segmental UPD (14) pat, 4 the proband of sibling cases and four sporadic patients with different patterns of microdeletions involving the unmethylated DMRs of maternal origin, 2,3 and three patients with epimutations (hypermethylations) of the two normally unmethylated DMRs of maternal origin. 2 The remaining eight patients were new sporadic cases.
Phenotypic findings of the 26 patients are summarized in Supplementary  Table 1 ; detailed clinical features of patients 6 and 16-25 are as described previously, [2] [3] [4] and those of the eight new patients 3, 5, 10-14, and 26 are shown in Supplementary Table 2, together with those of patients 1, 2, 4, 7-9, and 15 in whom detailed phenotypes were not described in the previous report. 5 All the 26 patients were identified shortly after birth because of the unique bell-shaped thorax with coat-hanger appearance of the ribs on roentgenograms obtained because of asphyxia. Subsequent clinical analysis revealed that 25 of the 26 patients exhibited both body and placental UPD (14) pat-like phenotype, whereas the remaining one previously reported patient (patient 22) manifested body, but not placental, UPD (14) pat-like phenotype. 3 The karyotype was found to be normal in 25 patients, although cytogenetic analysis was not performed in one previously reported patient who died of respiratory failure at 2 h of age (patient 6). 4 One patient (patient 15) was conceived by in vitro fertilization-embryo transfer. 5 This study was approved by the Institute Review Board Committee at the National Center for Child Health and Development, and performed after obtaining written informed consent.
Analysis of underlying genetic causes in patients with UPD(14)pat-like phenotype
We sequentially performed methylation analysis, microsatellite analysis, and fluorescence in situ hybridization (FISH), using leukocyte genomic DNA samples and lymphocyte metaphase spreads of all the 26 patients with UPD (14) pat-like phenotype. The detailed methods were as reported previously. 2, 3 In brief, methylation analysis was performed for the IG-DMR (CG4 and CG6) and the MEG3-DMR (CG7 and the CTCF-biding sites C and D) by combined bisulfite restriction analysis and bisulfite sequencing. Microsatellite analysis was performed for multiple loci on chromosome 14, by determining the sizes of PCR products obtained with fluorescently labeled forward primers and unlabeled reverse primers. FISH analysis was carried out for the IG-DMR and the MEG3-DMR using 5104-bp and 5182-bp long PCR products, respectively, together with the RP11-566I2 probe for 14q12 utilized as an internal control.
In this study, furthermore, oligonucleotide array-based comparative genomic hybridization (CGH) was also performed for the imprinted region of non-UPD(14)pat patients, using a custom-build oligo-microarray containing 12 600 probes for 14q32.2-q32.3 encompassing the imprinted region and B10 000 reference probes for other chromosomal region (4Â180K format, Design ID 032112) (Agilent Technologies, Palo Alto, CA, USA). The procedure was as described in the manufacturer's instructions.
Analysis of subtypes in patients with UPD(14)pat
UPD (14)pat subtype was determined by microsatellite analysis. 8, 9 In brief, heterodisomy for at least one locus was regarded as indicative of TR-or GC-mediated UPD (14)pat (TR/GC subtype), whereas isodisomy for all the informative microsatellite loci was interpreted as indicative of MR-or PE-mediated UPD (14)pat (MR/PE subtype) (for details, see Supplementary Figure S1 ). Here, while heterodisomy and isodisomy for a pericentromeric region in the TR/GC subtype imply a disomic sperm generation through M1 and M2 non-disjunction respectively, 9 such discrimination between M1 and M2 non-disjunctions is impossible for the development of a nullisomic oocyte. Furthermore, it is usually impossible to discriminate between TR and GC, although the presence of trisomic cells is specific to TR. Similarly, it is also usually impossible to discriminate between MR and PE, although identification of segmental isodisomy or mosaicism is unique to PE (PE subtype).
Analysis of parental ages
We examined parental ages at childbirth in patients of different underlying causes and different UPD (14)pat subtypes. Statistical significance of the relative frequency was examined by the Fisher's exact probability test, and that of the median age by the Mann-Whitney's U-test. Po0.05 was considered significant. Figure S2) (array CGH analysis was not performed in patient 22 with a 4303-bp microdeletion 3 because of the lack of DNA sample available). Thus, together with our previous data, all the 26 patients with UPD(14)patlike phenotype had genetic alteration involving the imprinted region on chromosome14q32.2. Consequently, the 26 patients with UPD(14)pat-like phenotype were classified as follows: (1) 16 sporadic patients with full UPD(14)pat and 1 sporadic patient with segmental UPD(14)pat (UPD(14)pat group); (2) the proband of the sibling cases and two sporadic patients with different patterns of microdeletions involving the two DMRs, one sporadic patient with a microdeletion involving the IG-DMR alone in whom the MEG3-DMR was epimutated, and one patient with a microdeletion involving the MEG3-DMR alone (deletion group); and (3) four patients with epimutations (hypermethylations) of both DMRs (epimutation group) (Figure 1 and Table 1 ).
RESULTS

Analysis
Analysis of subtypes in patients with UPD (14) pat Heterozygosity for at least one locus indicative of TR/GC subtype was identified in five patients (patients 1-5), and the disomic pattern of pericentromeric region indicated M1 non-disjunction in patients 1-4 and M2 non-disjunction in patient 5. Full isodisomy consistent with MR/PE subtype was detected in 11 patients (patients 6-16), and segmental isodisomy unique to PE subtype was revealed in 1 patient (patient 17) (Table 1, Figure 1 , and Supplementary Figure S3) .
Analysis of parental ages
The distribution of parental ages at childbirth is shown in Figure 2 . The advanced maternal age at childbirth (Z35 years) was predominantly observed in the MR/PE subtype of UPD (14)pat. Furthermore, while the relative frequency of aged mothers (Z35 years) did not show a significant difference between the MR/PE subtype of UPD (14)pat (6/11) and (i) other subtypes of UPD (14)pat (1/6) (P¼0.159), (ii) deletion group (0/5) (P¼0.057), and (iii) epimutation group (1/4) (P¼0.338), it was significantly different between the MR/PE subtype and the sum of other subtypes of UPD (14)pat, deletion group, and epimutation group (2/15) (P¼0.034). Similarly, while the median maternal age did not show a significant difference between the MR/PE subtype of UPD (14)pat (36 years) vs (i) other subtypes of UPD (14)pat (29.5 years) (P¼0.118), (ii) deletion type (28 years) (P¼0.088), and (iii) epimutation type (30.5 years) (P¼0.295), it was significantly different between the MR/PE subtype of UPD (14)pat and the sum of other subtypes of UPD (14)pat, deletion group, and epimutation group (29 years) (P¼0.045).
The paternal ages were similar irrespective of the genetic causes and the UPD (14)pat subtypes. In addition, the median paternal age was comparable between the TR/GC subtype of UPD (14)pat that postulates the production of a disomic sperm (35.0 years) and the sum of other subtypes of UPD (14)pat, deletion group, and epimutation group that assumes the production of a normal sperm (33.5 years) (P¼0.322).
DISCUSSION
This study revealed that the UPD(14)pat-like phenotype was caused by UPD (14) pat in 65.4% of patients, by microdeletions in 19.2% of patients, and by epimutations in 15.4% of patients. Although the relative frequency of underlying genetic factors for the development of UPD (14)pat-like phenotype has been reported previously, 10 most data are derived from our previous publications. Thus, the present results are regarded as the updated and extended data on the relative frequency. For the relative frequency, it is notable that 25 of the 26 patients were confirmed to have normal karyotype, although chromosome analysis was not performed in patient 6. Thus, while Robertsonian translocations involving chromosome 14 is known to be a (14)pat-like phenotype and UPD (14)pat subtypes. Of the five plots for the TR/GC subtype, open and black circles indicate the TR/GC subtype due to non-disjunction at paternal M1 and M2, respectively.
UPD (14)pat-like phenotype M Kagami et al predisposing factor for the occurrence of UPD (14)pat, [11] [12] [13] [14] [15] [16] such a possible chromosomal effect has been excluded in nearly all patients examined in this study. The relative frequency of underlying causes has also been reported in other imprinting disorders. 8, [17] [18] [19] The data are summarized in Table 2 (a similar summary has also been reported recently by Hoffmann et al). 10 In particular, the results in patients with normal karyotype are available in Prader-Willi syndrome (PWS). 8 Furthermore, PWS is also known to be caused by UPD, microdeletions, and epimutations affecting a single imprinting region, 8, 19 although SilverRussell syndrome and Beckwith-Wiedemann syndrome (BWS) can result from perturbation of at least two imprinted regions, 17, 18 and BWS and Angelman syndrome can occur as a single gene disorder. 17, 19 Thus, it is notable that the relative frequency of underlying causes is quite different between patients with UPD(14)pat-like phenotype and those with PWS. 8, 19 This would primarily be due to the presence of low copy repeats flanking the imprinted region on chromosome 15, because chromosomal deletions are prone to occur in regions harboring such repeat sequences. 20 Indeed, two types of microdeletions mediated by such low copy repeats account for a vast majority of microdeletions in patients with PWS, 21 whereas the microdeletions identified in patients with UPD(14)pat-like phenotype are different to each other. This would explain why microdeletions are less frequent and UPD and epimutations are more frequent in patients with UPD (14)pat-like phenotype than in those with PWS.
Advanced maternal age at childbirth was predominantly observed in the MR/PE subtype. This may imply the relevance of advanced maternal age to the development of MR-mediated UPD (14)pat, because the generation of nullisomic oocytes through M1 nondisjunction is a maternal age-dependent phenomenon. 22 Although no paternal age effect was observed, this is consistent with the previous data indicating no association of advanced paternal age with a meiotic error. 23 For the maternal age effect, however, several matters should be pointed out: (1) the number of analyzed patients is small, although it is very difficult to collect a large number of patients in this extremely rare disorder; (2) of the MR/PE subtype, the advanced maternal age is a risk factor for the generation of MR-mediated UPD (14)pat, but not for the development of PE-mediated UPD (14) pat; (3) it is impossible to discriminate between maternal age-dependent M1 non-disjunction and maternal age-independent M2 non-disjunction in the MR and GC subtypes (however, GC must be extremely rare, because it requires the concomitant occurrence of a nullisomic oocyte and a disomic sperm); (4) of the TR/GC subtype, the advanced maternal age is a risk factor for the generation of GC-mediated UPD (14)pat, but not for the development of TR-mediated UPD (14) pat; and (5) if a cryptic recombination(s) might remain undetected in some patients with apparently full isodisomy, this argues that such patients actually have TR-or GC-mediated UPD (14) pat rather than MR-or PE-mediated UPD(14)pat. Thus, further studies are required to examine the maternal age effect on the generation of MR-mediated UPD (14)pat. In addition, while a relationship is unlikely to exist between advanced maternal age and microdeletions and epimutations, this notion would also await further investigations.
Such a maternal age effect is also expected in the TR/GC subtype maternal UPDs after M1 non-disjunction, because the generation of disomic oocytes through M1 non-disjunction is also a maternal agedependent phenomenon. 7 Indeed, such a maternal age effect has been shown for PWS patients with normal karyotype; the maternal age at childbirth was significantly higher in patients with heterodisomy for a very pericentromeric region indicative of TR/GC subtype UPD(15)mat after M1 non-disjunction than in those with other genetic causes. 8, 9 For various chromosomes other than chromosome 15, furthermore, since maternal age at childbirth is higher in patients with maternal heterodisomy than in those with maternal isodisomy, 24 this would also argue for maternal age effect on the development of maternal UPDs. However, in the previous studies on maternal UPDs other than UPD(15)mat, the available data are quite insufficient to assess the maternal age effect. For example, although a relatively large number of patients with UPD(14)mat phenotype have been reported in the literature (reviewed in reference Hoffmann et al), 10 we could identify only six UPD(14)mat patients with normal karyotype in whom maternal age at childbirth was documented and microsatellite analysis was performed. [25] [26] [27] [28] [29] [30] Furthermore, the microsatellite data are insufficient to identify the subtype of UPD (14) mat and to distinguish between M1 and M2 non-disjunction in the TR/GC subtype. Thus, while the maternal age at childbirth may be advanced in five patients with apparently TR/GC-mediated UPD (14) mat (27, 35, 37, 41 , and 44 years) [25] [26] [27] 29, 30 (the maternal age at childbirth in the remaining one patient with apparently MR/PE-mediated UPD (14) mat is 40 years), 28 the notion of a maternal age effect awaits further investigations for UPD (14) mat.
Finally, it appears to be worth pointing out that methylation analysis invariably revealed hypermethylated DMR(s) in all the 26 patients who were initially ascertained because of bell-shaped thorax with coat-hanger appearance of the ribs. This indicates that methylation analysis of the DMRs can be utilized for a screening of this condition, and that the constellation of clinical features in the UPD (14) pat-like phenotype, especially the bell-shaped thorax with coat-hanger appearance of the ribs, is highly unique to patients with UPD(14)pat-like phenotype.
In summary, this study confirms the relative frequency of underlying genetic causes for the UPD (14)pat phenotype and reveals the relative frequency of UPD (14)pat subtypes. Furthermore, the results emphasize the difference in the relative frequency of underlying genetic causes among imprinted disorders, and may support a possible maternal age effect on the generation of the nullisomic oocyte mediated UPD (14) pat. Further studies will permit a more precise assessment on these matters.
